Introduction
Photonic Crystal Fibres (PCFs) are optical fibres made from undoped silica [1, 2] . Their waveguiding is provided by a pattern of air holes distributed in the cladding, and these holes run along the entire fibre length. The arrangement of air holes may result in two different types of guiding principles, namely guiding by modified total internal reflection (M-TIR) and the photonic bandgap (PBG) effect 121. M-TIR is analogous to total internal reflection, known from standard fibres, whereas the PBG effect is only seen in PCFs, where its guiding properties appear as a result of a periodic, microstructured cladding, in which a certain wavelength range is denied propagation [2] . Today PCFs that operate by M-TIR has been most widely studied, because this principle requires lower accuracy in its manufacturing process. One of the most important issues regarding practical development of PCFs concerns their macrobending loss properties. For a wide range of applications, coiled-up special fibres are used -and for PCFs also to find a way into special fibre components, research attention must, naturally, be paid to macrobending losses. Here, we present experimental verification of a theoretical model capable of analysis of macrobending losses in PCFs. We provide important insight into bending properties of PCFs, including the spectral windows that the fibres can be operated in, and the design parameters that determine these windows. The model is scalar and based on the weakly guiding approximation and we explore its validity for both low and high air filling fraction PCFs.
Theory and experiments
A bent PCF is schematically shown in fig. 1 Here, peq is the core radius of an equivalent step-index fibre having similar properties as the PCF at wavelength h. nco is the refractive index of the core, and ne# is the effective refractive index of the PCF cladding region. ncl.e,l' has a strong wavelength dependency due to the air hole array [2, 3] . At short wavelengths, the field is mainly confined to the silica, whereas at long wavelengths it has an effective index, determined by the air filling fraction of the cladding. This implies that the refractive-index difference decreases with wavelength, and that the field confinement factor of a guided mode will decrease as well, resulting in the unusual property of high PCF bending losses at short wavelengths. tl.l:rff has been calculated by an effective-index approach, using the amount of field present in the holes and in the silica [2, 3] , and the wavelength dependence of the refiactive index of silica has been taken into account in the model. In its present form, the model is a scalar, semianalytic model and it approximates the hexagonal-like core shape ofthe PCF with a circular shape [3].
Fig. 1: Schematic of a bent PCF
For proper use, the model requires a specific core radius of an equivalent step-index fibre to be chosen. Empirically, an optimum equivalent core radius for a PCF with a design as shown in Fig. 1 has been found to be p = 0.62 A [4] . To proceed deducing a useful bending loss description, a formula for the power loss coefficient of standard stepindex fibres due to macro bending [5, 6] is applied:
where Aeff is the relative difference between the core and the effective cladding indices, Veil' is the effective normalized frequency, pes is the equivalent core radius and WCfl is the normalized decay parameter of the cladding. R denotes the radius of curvature in the bend, A, is the amplitude coefficient of the electric field in the cladding, and, finally, P is the power carried by the fundamental mode. Utilizing this formula, we have calculated the macrobending loss from the coefficients of the Bessel function of the equivalent step-index fibre. The wavelength dependencies of ACfr and VclT correctly predict a loss mechanism for shorter wavelengths as found in [ 3 ] . As seen in figure 2, a short-wavelength loss edge appears for PCFs. This is in contrast to the standard fibre case, where only a long-wavelength loss edge is found. As seen from the figure, the two loss edges determine spectral windows in which PCFs can be operated. Fig. 2 While Fig. 2 and 3 present an analysis of a specific PCF chosen particularly to investigate the unusual property of a short-wavelength loss edge and to illustrate the capability of an effective index model -we have also determined a number of general characteristics regarding rnacrobending properties of PCFs. Apart from the bending radius, the spectral width and positioned of the operational window depends strongly on hole size and pitch. Generally, larger hole size results in broader windows, whereas the pitch roughly determines the centre position ofthe window (as a first approximation the minimum bend loss occurs at a wavelength around N2).
To explore the validity of the scalar model also for PCFs with higher air filling fractions, a large mode area PCF having A = I O pm and d = 5.5 pm was examined. The PCF was found to be single mode from visible to near-infrared wavelengths. The measured macrobending losses of this PCF are illustrated in Fig. 4 . From the figure it is seen that the PCF is significantly more robust with respect to macrobending compared to the previously studied PCF. We attribute this to the increased air filling fraction. The increased air filling fraction, however, also makes this PCF more difficult to model using the scalar approach utilizing the weakly waveguiding approximation. Indeed, we find that the lower macrobending loss edge is less well predicted for this PCF. The simulated loss edge at a bending radius of 1.2 cm shows that the scalar model predicts a higher loss than what is actually found for the real PCF. 
Summary
An effective-index model has been applied to PCFs when subject to bending. Experimental bend loss characterizations have been performed and validated the possibility of qualitative prediction of macrobending losses in PCFs. In its present scalar form, the model provides accurate results for PCFs with relatively small air filling fractions, whereas it overestimates the macrobending losses for PCFs with larger air filling fractions. To further improve the model, the effective cladding index should be determined using a full-vectorial calculation method and the mode solutions for the equivalent step-index fibre should be found without use of weakly waveguiding approximations. Future results using such improvements for modeling of macrobending losses in PCFs with large air filling fractions will be presented.
